This report contains the conceptual design of the EFD wind driven generator, along with some of the performance estimates used to select the electrode spacing and other parameters. Various spacings and tube sizes in different wind fields were considered to assess the effects of the different parameters. As a result of the studieE we chose a value of "all of 3 and "b ll = 1.656 (300 kV collector) for a tube diameter of 0.3048 m (1 foot).
SUMMARY
This report contains the conceptual design of the EFD wind driven generator, along with some of the performance estimates used to select the electrode spacing and other parameters. Various spacings and tube sizes in different wind fields were considered to assess the effects of the different parameters. As a result of the studieE we chose a value of "all of 3 and "b ll = 1.656 (300 kV collector) for a tube diameter of 0.3048 m (1 foot).
("all is the vertical spacing in tube diameters and "b tl is the horizontal spacing.) Although a detailed stress analysis was not done, preliminary estimates indicate that the tower design will withstand head-on winds in excess of 100 mph (44 m/s) without damage.
A Rayleigh distribution was used for the mean wind velocity at 10 meter height with a 1/7th power law for the height variation \ to make our estimates of average power unit area (W/m 2 ) . Drag losses were included as well as major losses involved in charge production and pumping. Although the design uses streamlined collector electrodes, cylinders were used in our d~ag calculations. We believe that this more than offsets the fact that we neglected the tower drag. Consequently, the estimates of power are probably conservative.
The major elements of the design are: This report is on the conceptual design while the SERI is responsible for the cost study which is presented in detail in Section 4.
Using these cost results, the SERI calculated the cost of energy (COE) using the standard Department of Energy equation for annualized cost of energy: COE annual 23,073,000 x 0.18 19,700,000
Since no attempt was made to optimize the design, we feel that many opportunities exist for cutting the cost of an EFD wind driven generator.
Further, the maintenance and down time on the EFD wind driven generator should be less than for a conventional system with many units and having rotating parts. In addition the EFD wind driven generator does not require any additional power conditioning for long line power transmission.
However, a major effort is still required to develop an energy economic charging system. Once this problem is solved, we believe that it will be possible to produce EFD wind driven generators that will be cost competitive with other methods for producing high voltage dc power.
vii In the EFD wind driven generator, charged particles of one polarity are seeded into the electrically neutral air. A viscous interaction between the wind and the charged particles drive them up an electrical potential hill, thereby producing power. Typically, the EFD generator uses high voltages and low current densities.
As seen in Figure 1 -1 the generator consists of the following parts:
• A mechanism for producing charged colloids
• An inlet electrode which also serves as an attractor
• A collector electrode
• A high voltage power supply
The feedback control system is used to regulate the current (i.e., charged particle production) in order to maintain a constant voltage at the collector electrode.
We have developed a theory of operation for the EFD wind driven generator [1] [2] [3] and have shown experimentally that the theory is valid [2] . The theory demonstrates that there is no fundamental reason that would prevent the application of the EFD wind driven generator concept. However, we still must develop an energy economic method of producing the charged particles.
The current laboratory techniques used for the production of charged particles require too much energy to be practical. Nonetheless, the theory indicates that the charged colloid-sized particles can be produced with only a small fraction of the output power being used.
The theory was far enough advanced that it seemed appropriate to make a somewhat detailed cost estimate of the EFD wind driven generator before proceeding with the required basic research. This report presents the results of that cost study.
PERFORMANCE ESTIMATES
In order to arrive at a conceptual design that could be costed, it was first necessary to develop performance estimates of an EFD wind driven generator in various assumed wind fields. At this stage of the development of an EFD wind driven generator, it would be unrealistic to attempt to optimize a design. Nonetheless, major trade-offs could be studied that would enable us to choose a conceptual design that would be realistic in its major aspects and for which we could expect reasonable performance.
For this parametric study we used a Rayleigh distribution for the wind as suggested by Cliff [4] . Further, we assumed aI/7th power law for the height variation (from the reference 10 meter height) to study the effects of the EFD wind driven generator as a function of height. A specific site was not selected for this study and the effect of wind direction variation from the dominant wind energy direction was not considered.
The following parameters were investigated or included in the model:
• Reynolds number effects related to electrode diameter The spacing in the vertical direction is indicated by a parameter lI a " which is the center-to-center spacing of the electrodes divided by the tube diameter. The spacing in the wind direction is indicated by a parameter IIb ll which is the center-to-center spacing in the wind direction divided by the tube diameter. This notation is shown on Figure 2 Using Figure 2 -2 presents curves of this type where "a" is a parameter (vertical spacing in number of tube diameters). All of the curves are for a value of lib" of 1.5 (horizontal spacing in number of tube diameters) and a tube diameter of 0.3048 m (1 foot). With the larger values of "a" 'we have a wide spacing with low drag and low electric forces due to the limited ability to anchor the field lines. The generator limits performance except at low velocities where the relative performance is good. At the high velocities the configurations with wide spacing have relatively poor performance.
With small values of the parameter "a" we have narrow spacing with high drag and high electric forces possible.
In this case the genẽ rator does not limit performance until the velocity is quite high. However, the output is low because of the high drag until the velocity is very high.
From Figure 2 -2 we can see that an optimum value of "a" can be found for a given wind field. This is shown in Figure 2 -3 which was obtained from a computer program using a Rayleigh distribution for the wind velocity and equations of performance like those used to construct Figure 2 We see from Figure 2 -3 that the peak power per unit area occurs at lower values of "a" for the higher velocities. At an average wind speed of 6 mls the peak power per unit area occurs at a value of "a" of 2.2.
The velocities of interest lie between 4 mls and 10 mls and the peak region is blown up for these velocities on Figure 2-4 where several values of the parameter "b" were used for each velocity.
Here we see that the performance increases for lower values of "b" since the drag is reduced. However, as the spacing is reduced, the collector voltage must also be reduced.
In reference 2 it is shown that the losses associated with current production increase at lower voltages since higher currents are required for a given power. ThUS, not all of the increased power is available for useful power production. This point is covered quantitatively later in the study. The tube is assumed to have a 1/8 inch wall of aluminum.
The peaks of the curves have shifted to higher values of "alf. The cost of the rig would be a fixed cost plus a factor times the weight per unit area of the collector array.
If the fixed costs are small, Figure 2 -6 would be similar to a plot of power per unit cost versus "a". Higher fixed costs would make the peaks shift further to the left (lower values of "a") toward the more favorable performance. The wind region of interest is from 6 to 8 m/s. Since the cost factors are not known, we have chosen a value of 3 for "a". In addition, the higher values of "a lf significantly reduce the drag forces in a high wind and these forces drive the tower design. This figure is based on a 6 m/s wind at a height of 10 m with a 1/7th power law variation with altitude. We have included water pumping requirements in this cralculation. Thus, a peak with altitude can occur. The curve parameter is the, collector voltage which affects both drag (through the horizontal spacing) and the losses (lower voltages require higher currents for a given power, and therefore, more water per unit area). the course of the performance study a number of design " I Ii, .L Lo s were chosen for the conceptual design.
We have set the 1 \ I I I (lW i.n q design variables which resul ted from that study along v: 1~11 other arbi trary decisions: The guy wires are separated from the towers by insulators of epoxy-fiberglass rod (e.g., Ohio Brass Company Hi-Lite insulator). These insulators are strong and light. For example, a 500 kV insulator only weighs 40 pounds and can have maximum design tension ratings of up to 80,000 pounds [5J. Figures 3-3 and 3-4 show detail of the tower design including the electrodes and bubble delivery tubes. Although the details of the charging system are not known at this time, we feel that the pumping and delivery system shown would allow a representative cost estimate of the system. The collector electrodes are shown as strut shaped since this would result in significantly lower drag than circular shaped electrodes. Since the electric field lines are anchored, for the most part, on the upstream electrodes, they were left circular in cross-section.
In the calculations presented in Section 2, both electrodes were assumed to be circular. The substantial increased drag resulting from this assumption is partially offset by the fact that we neglected the tower drag and the variation in wind direction.
The conceptual design was submitted to the Solar Energy Research Institute (SERI) for costing of the design and their estimate is given in the next section. Since no attempt was made to fully optimize the design, it is felt that many opportunities exist for cutting the cost of an EFD wind driven generator. Although this particular design was for a length of 400 m, a configuration many times longer could easily be constructed.
Thus, large amounts of energy could be extracted from favorable wind sites since extremely large conversion sections are possible.
Further, the maintenance and down time on the EFD wind driven generator should be less than for a conventional system with many smaller units with rotating parts.
In addition the EFD wind driven generator does not require any additional power conditioning for long line power transmission.
